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The recent study of 77Se nuclear magnetic resonance (NMR) in a β-FeSe single crystal proposed
that ferro-orbital order breaks the 90◦ C4 rotational symmetry, driving nematic ordering. Here, we
report an NMR study of the impact of small strains generated by gluing on nematic state and spin
fluctuations. We observe that the local strains strongly affect the nematic transition, considerably
enhancing its onset temperature. On the contrary, no effect on low-energy spin fluctuations was
found. Furthermore we investigate the interplay of the nematic phase and superconductivity. Our
study demonstrates that the twinned nematic domains respond unequivalently to superconductivity,
evidencing the twofold C2 symmetry of superconductivity in this material. The obtained results are
well understood in terms of the proposed ferro-orbital order.
Many experiments have established the existence of ne-
matic order — a state that spontaneously breaks the ro-
tational symmetry while time-reversal invariance is pre-
served — in Fe-based superconductors (FeSCs) [1–8]. Al-
though whether spin or orbital degrees of freedom drive
the nematic order is still under debate [9–15], it is widely
believed that a nematic instability is an important char-
acteristic of the normal state from which superconduc-
tivity emerges. Therefore establishing the mechanism of
the nematic order will help to elucidate the Cooper pair
glue in FeSCs.
In most FeSCs, the nematic state arises in the vicin-
ity of a spin-density wave state. The temperature (T )
interval separating them is small. As a result the strong
interaction of various degrees of freedom hides the na-
ture of the nematic order. The only exception is β-FeSe
which has a PbO-type crystal structure. The nematic
order occurs at Tnem ≈ 91 K and at a lower temper-
ature of Tc ≈ 9 K SC sets in. The absence of static
magnetism in the whole interval of temperature together
with its simple structure [16] make β-FeSe the primary
object for investigation of nematicity and its interplay
with SC [14, 17–26]. To other spectacular properties of
β-FeSe belongs the dramatic increase in Tc under pres-
sure [27, 28] or by growing mono layer films on substrates
[29–31].
The band structure of β-FeSe is typical for FeSC
[32, 33]. The low energy is given by two hole bands
around the Γ point and two electron bands around the
M point. The nesting between the electron and the hole
bands advocates strong spin fluctuations (SFs) at low
T which indeed were observed in nuclear magnetic reso-
nance (NMR) and neutron studies at T ≪ Tnem. How-
ever no enhancement of SFs was found close to the ne-
matic transition. It led to the suggestion that nematic
state in β-FeSe is driven by orbital degrees of freedom
[34–37].
In this Rapid Communication, we report the investiga-
tions of nematic order in the normal and superconducting
states of β-FeSe. We show that gluing the sample in-
troduces random local strains (defects) and significantly
smears out the otherwise sharp nematic transition re-
sulting in the enhanced onset of nematic ordering. In
contrast, it appears that low-energy SFs are essentially
unaffected by the strain. Furthermore, we demonstrate
that the twofold C2 symmetry of SC in this material is
the consequence of the interplay between orbital and su-
perconducting order parameters.
The 77Se NMR measurements were carried out in a β-
FeSe single crystal from the same batch as the one mea-
sured in the previous study [35] at an external field (µ0H)
of 9 T and in the T range of 4.2 – 180 K. The sample was
mounted to a single-axis goniometer for the exact align-
ment along H within the a-c plane of the crystal. The
77Se NMR spectra were obtained by a standard spin-echo
technique, and the 77Se spin-lattice relaxation rate T−11
was measured using a saturation method by fitting the
recovery of the nuclear magnetization M(t) to a single
exponential function, 1 −M(t)/M(∞) = A exp(−t/T1),
where A is a fitting parameter that is ideally unity. In
this Rapid Communication, we glued the sample inside
the NMR coil using a small amount of diluted GE varnish
not only for the better and stable alignment of the sam-
ple, but also for examining a possible effect of gluing on
nematicity. The motivation is that while using a glue on
samples is unavoidable in many bulk measurements, it is
unknown whether there are nontrivial effects of random
strains that could be introduced by gluing.
Figure 1 (a) shows 77Se NMR spectra as a function
of T at µ0H = 9 T applied along the crystallographic
a axis. The 77Se line splits into the two lines ℓ1,2 be-
low Tnem ∼ 91 K, which is consistent with the previous
results [35]. In Ref. [35], it was established that the split-
ting of the 77Se line is much larger than one could expect
from the small orthorhombic distortion. In order to fur-
ther demonstrate that the split 77Se NMR lines truly
2FIG. 1. (a) The 77Se NMR spectra for a β-FeSe single crystal
measured at µ0H = 9 T applied along the a axis as a function
of T . The splitting of the 77Se line into two (labeled ℓ1 and
ℓ2) was observed near Tnem ∼ 91 K. (b) A 77Se spectrum
measured at 60 K as a function of angle θ between the H and
the c directions. (c) Knight shifts of ℓ1-ℓ2 lines and ∆K‖a (see
the inset) as a function of θ follow a simple cosine function
(solid lines) as expected for a nematic order parameter.
represent the nematic order parameter, we measured the
77Se spectrum at a fixed T of 60 K as a function of an-
gle θ between the H and the c directions by rotating the
sample with respect to H from a toward c on the a-c
plane. The resultant angle dependence of the ℓ1-ℓ2 spec-
trum and their Knight shifts K are shown in Figs. 1(b)
and 1(c), respectively. K’s of both ℓ1 and ℓ2 decrease
with decreasing θ following a cosine function of θ, and
smoothly merge into a single line when H ‖ c. As a
result, the difference of the Knight shifts ∆K‖a [see the
inset of Fig.1(c)] is perfectly described by a cosine func-
tion of θ (solid line). This unambiguously verifies that
∆K‖a indeed reflects the nematic order parameter, which
is anticipated to obey such a sinusoidal angle dependence.
Although the T evolution of the 77Se NMR spectrum
is very similar to the results obtained in the sample that
was not glued [35], it turns out that the full width at half
maximum of NMR lines are two to three times broader.
Since both the current and the previous NMR studies
have been carried out on the crystals from the same batch
under the identical experimental setup and conditions,
the inhomogeneous NMR line broadening is attributed to
local strains introduced by gluing the sample. In addition
to the inhomogeneous broadening of the 77Se lines, we
find that the nematic transition is not as sharp as in the
previous study. Namely, the line splitting does not disap-
pear immediately above the nematic transition tempera-
ture Tnem = 91 K but persists up to higher T . Indeed,
Figs. 2 (a) and 2(b) indicate that the ℓ1 and ℓ2 lines start
to split at T ∗ ∼ 120 K that is significantly higher than
Tnem. In this regard, we refer to the sample that was not
glued as strain free. Since in the range of Tnem < T < T
∗
the material remains in the tetragonal symmetry in bulk,
the persisting NMR line splitting above Tnem indicates
that the 90◦ rotational symmetry should be broken only
near local strains. The reason may be the emergence of
the local nematic order ψ(r), which exists only locally
as a form of small domains without affecting the bulk
tetragonal phase of the crystal, by coupling to the local
uniaxial strains caused by the gluing. In this case, the
broad NMR line between Tnem ≤ T ≤ T
∗, which is not
well resolved, may consist of three lines: the split ℓ1-ℓ2
lines from the regions near strains and the unsplit line
from the tetragonal region away from strains.
A description of the T dependence of the nematic order
parameter ψ can be done in the frame of the Landau
theory. The free energy in the presence of an external
uniaxial stress σ has the following form:
∆F = α(T − Tnem)ψ
2 +
b
2
ψ4 − λσψ. (1)
For simplicity we neglect the spatial variation of the ne-
matic order parameter assuming that the size of the do-
mains is large. The effective coupling constant λ is a T
independent function of the shear modulus C66,0 that can
be obtained by integrating out the structural degree of
freedom from the Landau functional [38]. The linear cou-
pling of ψ to σ leads to the induced nematicity seen in the
range of Tnem ≤ T ≤ T
∗. For T < Tnem, the contribution
of σ to ∆F is negligible. Therefore the T dependence of
ψ is not affected by local strains due to gluing, as shown
in Fig. 2(b). The solution ψ(T ) minimizing the Landau
functional Eq.(1) is continuous. In the case of a struc-
ture with two types of domains with strain and without
strain, the splitting seen for T > Tnem is mainly given
by the domains with strain, whereas for T < Tnem both
cases give the same NMR line splitting. The solutions of
Eq. (1) are given as the solid and dashed curves in Fig.
2(b), where the values of the parameters are the same for
both cases, but the solid curve corresponds to 20% of the
sample volume being under the stress. It is interesting
to note that in BaFe2(As1−xPx)2 a similar nematic onset
was observed in magnetic torque measurements by Kasa-
hara et al.[39]. For β-FeSe we have the advantage to be
able to compare strained and unstrained samples and ob-
serve that at a higher T the onset of the nematic ordering
is absent in pristine, strain-free crystals, see Fig. 2(b),
and only present in glued crystals, which are affected by
strain. In β-FeSe the transition at 91 K is therefore of ne-
matic nature and does not share the meta-nematic origin
that has been assigned to it in BaFe2(As1−xPx)2.
Having established that the local strains significantly
enhance local nematicity, the question arises whether an-
3FIG. 2. (a) and (b) Temperature dependence of the 77Se NMR Knight shift K and the ℓ1-ℓ2 splitting ∆K‖a, respectively. The
comparison with the results in Ref. [35] which were rescaled by 1.15 reveals that the actual splitting occurs at T ∗ ∼ 120 K
significantly higher than Tnem = 91 K. ∆K‖a becomes proportional to
√
Tnem − T below Tnem indicating that Tnem is the true
nematic transition temperature. The solid and dashed curves in (b) are theoretical calculations (see the text). The inset in (a)
shows an enlargement of the region denoted by the red rectangle to compare with the sharp splitting observed in a “strain-free”
sample [35]. The raw 77Se spectra from the current Rapid Communication (left) and those from Ref. [35] (right) in selected
temperatures near Tnem are compared in the inset of (b). (c) T dependence of the spin-lattice relaxation rate divided by T
(T1T )
−1 near Tnem. The asterisk (∗) and cross (×) symbols in gray represent the data of ℓ1 and ℓ2, respectively, measured
without gluing the sample [35].
tiferromagnetic SFs are influenced by them. To check
this, we measured the spin-lattice relaxation rate divided
by T (T1T )
−1 which probes low-energy SFs. As shown in
Fig. 2(c), (T1T )
−1 is almost intact near Tnem and reveals
the same behavior as observed in the strain-free sample
[35]. This suggests that the low-energy magnetic excita-
tions are hardly affected by the enhanced nematicity.
In parallel to the enhanced onset of nematicity, one can
notice that the nematic order parameter ∆K‖a as shown
in Fig. 2(b) where the previous data were rescaled by 1.15
are enhanced compared to the previous data. A possible
origin is a better alignment of H along the a axis in the
present Rapid Communication, but it could be also local
strains that enhance the nematicity. Regardless, an im-
portant observation is that ∆K‖a reveals an identical T
dependence with that in Ref. [35]. They form a maxi-
mum near 60 K and decrease with decreasing T . At the
same time the average of the Knight shifts Kav = Ka+Kb
and K‖c show no change with T below 60 K. The increase
in the splitting ∆K‖a in the T interval between Tnem and
60 K can be certainly attributed to the increase in the
anisotropy of hyperfine couplings Ahfxx−A
hf
xx ∝ ψ and the
spin susceptibilities (χxx−χyy) ∝ ψ as ∆K‖a depends on
both of these values ∆K‖a = 1/2(A
hf
xx+A
hf
yy)(χxx−χyy)+
1/2(Ahfxx−A
hf
yy)(χxx+χyy). The decrease in ∆K‖a with
no T change in K‖c = A
hf
c χzz and the average Kav =
1/2(Ahfxx+A
hf
yy)(χxx+χyy)+ 1/2(A
hf
xx−A
hf
yy)(χxx−χyy)
below 60 K is a more subtle question. It cannot be ex-
plained by the nonanalytic contributions to the spin sus-
ceptibility in two-dimensional Fermi liquid as they would
also give a linear in T contribution to K‖c and Kav.
Another interesting observation is that the decrease in
∆K‖a is accompanied by the increase in the low-energy
SFs seen in the spin lattice relaxation rate (T1T )
−1 [see
Fig. 2(c)]. This suggests, contrary to the scenario of the
spin nematic [12], that the increase in SFs results in the
suppression of the nematic order. That is, SFs alone may
be insufficient to drive nematic order in β-FeSe.
Now we focus on the NMR data in the superconduct-
ing state. In the previous NMR study, we have shown
that ∆K‖a abruptly decreases just below Tc. A similar
anomalous change in ∆K‖a below Tc was also observed,
as shown in Fig. 2 (b), but it appears that the drop of
∆K‖a is much less pronounced than in the previous re-
sult. This is in line with the consideration that nematic-
ity is strengthened due to glueing, rendering it more ro-
bust against the competition of the superconducting or-
der parameter [35, 40]. Clearly one expects that the ne-
matic ordering, which appears at a much higher T than
SC, is only marginally affected by SC, but vice versa that
SC is much more strongly affected by the presence of al-
ready preformed nematic order that breaks the in-plane
symmetry. The latter we indeed observe as well and is
revealed by measurement of the T dependence of inten-
sities of the ℓ1 and ℓ2 lines below Tc.
The ℓ1 and ℓ2 lines represent the twinned nematic do-
mains, and their T dependence below Tc is presented in
Fig. 2(a). To begin with, it should be noted that ℓ1
has a slightly bigger intensity than ℓ2 in the normal state
above 7.5 K, indicating that one of the twinned nematic
domains coincidentally has larger volume than the other.
Although the two NMR lines have an unchanged signal
intensity with T in the normal state, we observed that
just below Tc they lose the signal intensity rapidly with
4FIG. 3. (a) Temperature dependence of the split 77Se spec-
trum measured at low T for µ0H = 9 T applied along the a
axis. Both ℓ1 and ℓ2 lines start to lose their intensities below
7.5 K, but the intensity of ℓ1 decreases faster than that of ℓ2
with decreasing T . A Boltzmann correction was performed
by multiplying T to each spectrum. (b) Integrated NMR sig-
nal intensities of ℓ1 and ℓ2, respectively, as a function of T .
The ℓ1 and ℓ2 intensities are normalized at 10 K. The differ-
ent T dependence of the ℓ1 and ℓ2 signal intensities is clearly
revealed, whereas Tc ∼ 7.5 K is identical for both NMR lines.
The solid lines are guides to the eyes.
decreasing T . In general, the loss of the NMR signal
intensity INMR in the SC state takes place due to dia-
magnetism of SC. The penetration of the radiofrequency
(rf) pulses into the bulk sample is hampered by super-
currents generated on the surface and, as a consequence,
the total number of nuclei that could be irradiated by
the rf pulses (thus INMR) is reduced accordingly. There-
fore, one can view that INMR is proportional to the SC
penetration depth λ, although it is difficult to quantify
INMR in terms of λ because there are also many different
contributions to INMR such as the inhomogeneous field
distribution due to the presence of vortices, vortex dy-
namics, and the Q-factor of the NMR circuit. However,
these factors are the same for the two nematic domains
that are present in the sample – these domains only differ
in their relative orientation with respect to the in-plane
magnetic field, which is rotated by exactly 90◦.
Strikingly, Fig. 3(a) reveals that at 5 K ℓ1 is almost
quenched whereas ℓ2 is visible, in sharp contrast with the
fact that ℓ1 has a bigger intensity than ℓ2 above Tc. This
means that ℓ1 is losing intensity faster than ℓ2 with low-
ering T in the SC state. Indeed, as shown in Fig. 3(b),
the integrated signal intensity as a function of T reveals
the distinctly different T dependence of ℓ1 and ℓ2. Since
the split ℓ1-ℓ2 lines represent the twinned domains whose
nematicity are parallel and perpendicular, respectively,
to H, without further analysis, we already conclude that
the SC response of the two domains is inequivalent, in-
dicating that λa 6= λb. Actually in the clean limit at low
T the anisotropy in penetration depth is associated with
the anisotropy in the velocities due to the nematic phase
as λ−2a /λ
−2
b → 〈v
2
a〉/〈v
2
b 〉 [41]. This implies that the bro-
ken in-plane symmetry of SC is a natural consequence of
the elongated Fermi surface caused by orbital ordering.
This tetragonal symmetry breaking of λ is indeed con-
sistent with the highly elongated vortex core along the a
axis observed by scanning tunneling microscopy in FeSe
films on a SiC substrate [4]. The twofold symmetry of
the vortex core state can be understood by the differ-
ence between SC coherence length ξ along the a and b
directions, being attributed to the strong impact of the
nematic order on SC [42, 43].
In conclusion, we presented a NMR study of a β-FeSe
single crystal under small strain generated by gluing. We
found that the local strains considerably affect the ne-
matic order, whereas no effect on low-energy SFs was
found. These results suggest that nematicity in β-FeSe
is not driven by SFs, supporting the orbital ordering pic-
ture. The unusual in-plane anisotropy of the penetration
depth λ manifests the twofold symmetry breaking of SC
due to orbital ordering.
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